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Copper selenide (of the type Cu2-xSe) ﬁlm electrodes, prepared by combined electrochemical (ECD)
followed by chemical bath deposition (CBD), may yield high photo-electrochemical (PEC) conversion
efﬁciency (~14.6%) with no further treatment. The new ECD/CBD-copper selenide ﬁlm electrodes show
enhanced PEC characteristics and exhibit high stability under PEC conditions, compared to the ECD or the
CBD ﬁlms deposited separately. The electrodes combine the advantages of both ECD-copper selenide
electrodes (in terms of good adherence to FTO surface and high surface uniformity) and CBD-copper
selenide electrodes (suitable ﬁlm thickness). Effect of annealing temperature, on the ECD/CBD ﬁlm
electrode composition and efﬁciency, is discussed.
© 2017 Elsevier Masson SAS. All rights reserved.1. Introduction
Photovoltaic (PV) devices, based on homo-junctions and tan-
dem cells, now exhibit high conversion efﬁciency values of 30% or
higher [1]. Despite that, PV systems demand high manufacturing
costs and special preparation conditions. Thin ﬁlm electrodes are
emerging as alternative to the costly p-n junction (PV) systems
[2e4]. Photo-electrochemical (PEC) processes based on poly-
crystalline metal chalcogenide (MX, where M¼ Zn, Cd or Cu; X¼ S,
Se or Te) electrodes are being considered, due to their ease of
preparation, low thickness, economic demand for starting chemical
amounts and low environmental impact [5,6]. However, such ﬁlm
electrodes, based on polycrystalline MX materials, suffer seriousyahoo.com (H.S. Hilal).
erved.shortcomings, namely their poor conversion efﬁciencies and low
stabilities. In recent reports, Cu2Te ﬁlms show a maximum con-
version efﬁciency of 5.35% while CuSe ﬁlms show 4.94% conversion
efﬁciency [7e9]. In another recent review, CdSe ﬁlm electrodes
exhibit only 1.6% conversion efﬁciency [10]. Low stability under PEC
conditions is also observed for MX ﬁlm electrodes [11]. The ex-
pected conversion efﬁciency for pristine thin ﬁlm electrodes for
2020, based on US-DOE announcements, is less than 15%.
Enhancing efﬁciency and stability of such ﬁlm electrodes is thus
imperative [12].
With a band gap range 2.1e2.3 eV and high absorptivity, copper
selenide ﬁlm electrodes are promising candidates for PEC purposes
[13]. Such ﬁlms have been investigated, but their PEC behavior has
not been widely reported in their pristine form. Unlike their mixed
ternary and quaternary systems [14], which show conversion efﬁ-
ciency values higher than 15%, the pristine systems show only low
conversion values, vide supra. For example, copper selenide ﬁlms
A. Zyoud et al. / Solid State Sciences 75 (2018) 53e6254prepared by chemical bath deposition (CBD) showed relatively low
conversion efﬁciencies [2,15]. Electrochemically deposited (ECD)
CuSe ﬁlm electrodes have not been widely reported for PEC pur-
poses, presumably due to their thickness limitations.
In a recent report, both conversion efﬁciency and stability of
CuSe ﬁlm electrodes have been enhanced by coating them with
electro-active materials embedded inside polymeric matrices.
Conversion efﬁciency and stability have been enhanced due to
charge transfer catalytic behavior of the electro-active materials.
The untreated (pristine) CuSe ﬁlms showed only 1.2% efﬁciency [16].
This work aims at preparing copper selenide ﬁlm electrodes
with relatively high PEC efﬁciency and stability, with no additional
treatment. The technique involves a combination of the two known
simple ECD and CBD methods together to yield ECD/CBD ﬁlm
electrodes. Both ECD and CBD methods are non-costly, facile and
demand no advanced techniques of ultra-high vacuum. Such a
combined technique has been successfully described here for CdSe
[17] and for CdS ﬁlms [3]. In this technique, a thin uniform layer is
deposited onto conducting glass/FTO substrates by ECD, followed
by a thicker ﬁlm deposition by CBD. The resulting ECD/CBD-CuSe
ﬁlm is assumed to combine the advantages of both ECD and CBD
preparations together. While the ECDmethod yields highly uniform
ﬁlms of good contact with the FTO surface [18], the CBD method
yields ﬁlms with higher thicknesses that are more suitable for PEC
purposes [19e21] but have the shortcoming of lower adherence to
the substrate surface [22]. Earlier ECD/CBD-CdS ﬁlm electrode
showed efﬁciency value of 0.29% [3] compared to 0.049% observed
for their CBD counterpart [23]. The ECD/CBD-CdSe ﬁlm exhibited
~4.4% efﬁciency even with no additional treatment [17] compared
to 0.8% for the CBD counterpart [24]. Themain goal of this work is to
check if pristine ECD/CBD-copper selenide ﬁlm electrodes exhibit
enhancement in their PEC efﬁciency compared to ﬁlms prepared by
either ECD or CBD separately, for the ﬁrst time. The strategy is to
reach conversion efﬁciency values, of ~15%, which have recently
been reported for coated copper selenide ﬁlm electrodes [25],
without the necessity of any further electrode treatments described
earlier [26e28]. The as-deposited ﬁlm performance enhancement is
thus the major goal to start with in this work. The as-prepared ECD/
CBD ﬁlms will be prepared, characterized and examined in PEC
processes, without being annealed. For comparison purposes,
samples will be annealed at relatively high (250 C) just to check for
any annealing effect at this stage. Effect of annealing on ﬁlm
composition, surface morphology and PEC efﬁciency will be
assessed here. Future study will follow on the ECD/CBD systems, to
study the effect of annealing at a wide range of temperatures,
together with effect of coating by electro-active species.
2. Experimental
2.1. Starting materials
All starting materials were purchased from Merck, Fluka or
Aldrich in pure form. FTO/glass substrates (Aldrich) were highly
transparent (80%) for radiations with longer than 330 nm. The
substrate resistivity was ~7.0 U/sq.
The Na2SeSO3 (source for Se ions) was prepared as described in
literature [22]. Na2SO3 (20.00 g) and selenium powder (2.00 g)
were added to distilled water (100 mL). The mixture was contin-
uously stirred for 10 h at 80 C. The mixture was then ﬁltered and
the Na2SeSO3 solution was carefully stored in a stoppered bottle in
the dark.
2.2. Equipment
Solid state electronic absorption (EA) spectra (200e800 nmrange) were measured for different CuSe ﬁlms using a Schimadzu
UV-1601 spectrophotometer. For photoluminescence (PL) spectral
measurement, a Perkin-Elmer LS 50 spectrometer was used with
excitation wavelength 383 nm while excluding all 400 nm (and
shorter) wavelengths from the detector. Atomic force microscopy
(AFM) was performed on a tapping mode system equipped with a
WSxM software (Nanotech Electronica, Spain), at Al-Quds Univer-
sity-AbuDies. Non-conductive rectangular Si3N4 cantilevers
(NSG10, NT MDT Co.) having spring constants 55.5e22.5 N/m and
reference frequency range 190e325 kHz were used.
Scanning electronic micrographs (SEM) and electron dispersion
X-ray (EDX) spectra were measured on a Hitachi Model S-4300
Field Emission Scanning Electron Microscope in Korean Institute of
Energy Research, Korea. X-ray diffraction (XRD) patterns were
measured on PANalytical X'Pert PRO X-ray diffractometer using a
CuKa source (l¼ 1.5418 Å) at Pukyong National University, Korea. A
PAR 263A Potentiostat/Galvanostat was used to measure current
density v. potential (J-V) plots.
2.3. Film preparation
All FTO/glass substrates (4  1 cm2) were pre-cleaned by a
washing-up detergent and distilled water, followed by soaking in
HCl (10%V/V) for 60 min. The substrates were then rinsed with
distilled water for many times to remove the acid.
The ECD preparation was performed as follows [16]: The
aqueous Na2SeSO3 solution (20.0 mL, 0.08 M) was mixed with
aqueous solution of CuSO4 (20.0 mL, 0.008 M) and NH4Cl solution
(10 mL, 3.0 M) while bubbling a stream of nitrogen (99.999%)
through an inlet. The nitrogen ﬂow was then continued above the
solution during deposition to prevent contamination with air. ECD
was performed at room temperature using the DC stripping at a
constant potential (0.6 V vs. Ag/AgCl) for the glass/FTO electrode.
A pre-cleaned platinum sheet was used as a counter electrode. All
ﬁlms prepared by ECD are termed as ECD ﬁlms. Current vs. time
plots during ECD ﬁlm preparationwere measured and showed that
the current decreased with time, due to increased cross sectional
resistance (across the ﬁlm) by increasing ﬁlm thickness. After
15 min deposition, the ﬁlm thickness was calculated using the
Faraday law to be in the range 700e800 nm, assuming the density
for copper selenide is 6.0 g/cm3 [29] in accordance with earlier
reports [16]. The gravimetrically measured ECD ﬁlm thickness
(550 ± 20 nm) resembled those reported earlier [30,31]. The cross
sectional SEM measured thickness was in the range 700e750 nm.
The average ﬁlm sheet resistivity value, measured as described
earlier [16], was ~2.5  104 U cm.
The CBD preparation was performed, as described earlier [31]
with amendments, as follows: Solutions of CuSO4 (4.0 mL, 0.5 M),
Na3C6H5O7 (4.0 mL, 0.1 M), Na2SeSO3 (4.0 mL, 0.25 M) were mixed
with a few drops of HCl (dilute) and distilled water to make the
total solution volume 50 mL and pH ~6.5. The Glass/FTO substrates
were dipped inside the solution at room temperature with gentle
stirring for different deposition times (2, 4 and 6 h). The CBD ﬁlms
were then taken, rinsed with distilled water and dried. The gravi-
metrically measured thickness was in the range 40e45 mm, for
ﬁlms deposited in 2 h. Unless otherwise stated, the ﬁlms deposited
in 2 h were considered in this work as they have better PEC char-
acteristics. The average ﬁlm sheet resistivity, measured as
described earlier [16], was ~1.0  104 U cm. The choice for depo-
sition time was not arbitrary. Copper selenide ﬁlms were prepared
using similar methods at 60 C throughout a deposition time of 1 h
[31]. In this work CBD deposition at room temperature is inten-
tionally chosen, as described in preparing ECD/CBD ﬁlm below.
Room temperature deposition of CBD ﬁlms has been reported
earlier using a relatively long time of 4 h [22]. In order to optimize
Fig. 1. Electronic absorption spectra for CBD of the CuSe thin ﬁlms, deposited in
different techniques, a) CBD/ECD, b) CBD and c) ECD.
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deposition times (2, 4 and 6 h) were examined. Depositions in
shorter time (1 h or less) were examined at room temperature but
yielded ﬁlms which were difﬁcult to characterize here and were
disregarded here.
To prepare ECD/CBD ﬁlms, the room temperature CBD proced-
ure described above was followed using ECD ﬁlms in place of the
glass/FTO substrates. Room temperature was intentionally used
here to avoid affecting the ECD layer (which is originally deposited
at room temperature) by any heating. The CBD was continued for
2 h as described above. The gravimetrically measured ECD/CBD ﬁlm
thickness value was in the range 46e52 mm, which is slightly more
than the sum of ECD and CBD layer thicknesses separately. The
average ﬁlm sheet resistivity was ~0.8  104 U cm. The as-prepared
ﬁlm electrodes were used in PEC study here with no annealing.
Effect of annealing on ﬁlm composition, uniformity and PEC char-
acteristics was then investigated afterwards.
Film annealing was performed under a stream of nitrogen gas
(99.999%) in a thermostated horizontal tube furnace. The ﬁlms
were placed inside a glass cylinder which was then placed in the
furnace after the setting temperature (250 C) was reached, for
60 min. The resulting ﬁlms were cooled either by slow cooling
(within 3 h) or by fast cooling (in less than 5 min).
2.4. The PEC experiment
The copper selenide ﬁlms were used as working electrodes, and
a pre-cleaned platinum sheet was used as a counter and a reference
electrode. The PEC experiments were thus conducted in a stop-
pered two-electrode cell. The internal cell (connected with the
counter electrode) was pre-calibrated with Ag/AgCl reference
electrode and resembled NHE reference. All PEC results shown here
are thus measured with reference to NHE unless otherwise stated.
To prevent contamination, nitrogen (99.999%) was bubbled inside
the aqueous solution of [K3Fe(CN)6 (0.1 M)/K4Fe(CN)6 (0.1 M)/
LiClO4(0.1M)] for 5min, and the ﬂowwas then continued above the
solution throughout measurements.
Dark experiments were conducted under a thick black cloth,
while photo-experiments were conducted under a solar simulator
light (50 W tungsten-halogen lamp). The measured radiation in-
tensity at the electrode surface was AM 38 solar spectrum
(~0.002 W/cm2). The low intensity radiation was intentionally cho-
sen to avoid any rise in experimental temperature. For extra pre-
caution, the PEC cell was dipped in a circulated water bath at
constant room temperature. Current density vs. potential (J-V) plots
were measured vs. NHE, using a PAR 263A Potentiostat-Galvanostat,
by dividing the total current (I-V) plots by the exposed electrode area.
Electrode stability was measured using a Polarographic
Analyzer (Pol 150) with an MDE 150 stand. Values of short circuit
current density (JSC) were measured vs. time while keeping the
electrode under constant low illumination intensity to avoid cell
heating.
3. Results and discussions
In this work, three types of copper selenide ﬁlms were prepared
as described above. ECD-CuSe, CBD-CuSe and combined ECD/CBD-
CuSe ﬁlm electrodes were all prepared. The as-prepared three types
of ﬁlms were characterized by different methods and examined in
PEC study, with no pre-annealing, for the reasons discussed above.
The results are comparatively studied here. The present results are
ﬁrst shown for the as-deposited ﬁlm electrodes. Effect of annealing
on copper selenide ﬁlm composition, surface uniformity and PEC
efﬁciency is then discussed. The annealing study is restricted to one
relatively high temperature (250 C) just to check if it has any effecton the electrode PEC performance.
3.1. Electronic absorption (EA) spectra
Solid state electronic absorption (EA) spectra were measured for
the three copper selenide ﬁlms, using FTO/Glass sheets for base line
correction, as shown in Fig. 1. The EA spectra cannot rule out the
possibility of mixed copper selenide phases. The ECD/CBD ﬁlm
spectrum shows better deﬁned absorption band compared to the
ECD and CBD ﬁlms. The Tauc plots were used for better under-
standing of the spectra, as shown in Fig. 2.
The ECD ﬁlms were prepared using the optimal conditions
(15 min deposition at room temperature) described earlier [16].
Due to its ill-deﬁned EA spectrum, the direct band gap value
(2.30 ± 0.20 eV) is difﬁcult to measure accurately by the Tauc
method. The CBD ﬁlm prepared in 2 h showed only slightly smaller
band gap value ranging (2.25 ± 0.20 eV). The ECD/CBD ﬁlm showed
a smaller band gap value of 2.20 eV, as shown in Fig. 2. The EA
spectra imply that the combined ECD/CBD method yields particles
with larger sizes than CBD method, which in turn involves slightly
larger particles than the ECD particles. Metal chalcogenide nano-
particles may vary with deposition method [18]. In the nano-
scale, larger particles have lower relative surface area and lower
numbers of coordinatively unsaturated surface atoms [32,33].
However, the differences in band gap values are too small to give
ﬁnal answer for particle sizes. The difference in band gap valuemay
thus be due to the difference in ﬁlm thickness, which is known to
affect value of band gap for nano-scale particles [34,35]. This con-
ﬁrms the ﬁlm thickness variations being ECD/CBD > CBD > ECD.
The CuSe ﬁlms have a wide range of band gap values in litera-
ture. In some reports, the value is 2.13 eV [13], while in another
report it was much smaller than that [28]. Khomane showed that
the band gap value for Cu2-xSe is ~2.2 eV [26], while Liu observed a
value of 1.34 eV [36]. Based on literature, CuSe ﬁlms may have
different values depending on method of preparation, particle size,
phase purity and other factors. Direct bad gap values in the range
2.0e2.4 eV or higher have been reported [37e39]. All direct band
gap values observed here are thus consistent with reported ones for
CuSe and Cu2-xSe systems. Considering the value for bulk mono-
crystalline copper selenide is ~1.05 eV, nano-size particles should
exhibit higher band gap values [40].
3.2. Photoluminescence (PL) spectra
Fig. 3 shows the PL emission spectra measured for ECD-, CBD-
Fig. 2. Tauc plots for CuSe ﬁlms prepared by different methods assuming a direct band
gap. a) ECD b) CBD c) ECD/CBD.
Fig. 3. Photoluminescence spectra for CBD of CuSe thin ﬁlms, deposited by different
techniques, a) CBD/ECD, b) CBD, and c) ECD.
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ECD ﬁlm shows lower emission band intensity than either CBD or
ECD/CBD ﬁlms. The three ﬁlms show similar emission band
wavelengths which makes it difﬁcult to make conclusions about
the band gap value differences [40]. Consistent with EA spectra, the
PL emission spectra suggest the possibility of the presence of
copper selenide, presumably in mixed phases. Further conﬁrma-
tions, for copper selenide presence, are discussed below.Fig. 4. SEM micrographs for CuSe ﬁlms prepared by dif3.3. Surface morphology
SEM micrographs for the ECD, CBD and ECD/CBD ﬁlms are
shown in Fig. 4. The Figure shows that different ﬁlms have different
surface morphologies. The ECD/CBD ﬁlm shows layered structure
with ﬂaky agglomerates. The agglomerates involve nano-size par-
ticles as described by XRD below. The CBD ﬁlm resembles that re-
ported for other CBD-CuSe ﬁlms in its morphology [26,39]. The ECD
ﬁlm micrographs resemble earlier reported ones for ECD prepared
ﬁlms [16] as nano-size particles exist in larger agglomerates with
some rod shape.
The AFM shows that the ECD ﬁlm has higher uniformity and
homogeneity than other ﬁlms, Fig. 5. Fig. 5A and 5B show that the
ECD ﬁlm involves higher interconnection between different parti-
cles, than the CBD ﬁlm, and to a lesser extent the ECD/CBD ﬁlm. The
AFM results conﬁrm the assumption stated above about higher
uniformity advantage of ECD ﬁlms. The proﬁle scanning (Fig. 5C),
shows that ~95% of the surface elevations range between 10 and
120 nm. The CBD ﬁlm has less uniformity (with ~95% elevations in a
wide range of 10e200 nm) than the ECD ﬁlm. ECD/CBD ﬁlm shows
~95% elevations in the range 75e225 nm. The AFMmicrographs for
the CBD ﬁlm resemble those reported earlier [39]. As the EA and PL
spectra could not provide a clue to differentiate between different
ﬁlms in terms of band gap values, the surface morphology gives a
clue of differences. Among the three different ﬁlms, the ECD ﬁlm
exhibits highest surface uniformity in terms of narrow proﬁle dis-
tribution range (110 nm) and high interconnectivity. The ECD/CBD
ﬁlm shows higher uniformity (with proﬁle distribution range
150 nm) than the CBD ﬁlm (with proﬁle distribution range 190 nm).3.4. XRD patterns
Fig. 6 shows the XRD patterns for different copper selenide
ﬁlms. The Cu2-xSe characteristic peaks at 2ө ¼ 26.84 (111) and
44.4 (220) [41] are observed, but they overlap with other peaks.
The former peak overlaps with that for FTO, while the latter also
overlaps with that for CuSe which may be present. EDX spectra
further conﬁrmed the occurrence of Cu2-xSe. The Cu/Se elemental
atom ratios for ECD, CBD and ECD/CBD ﬁlms are 1.01, 1.10 and 1.10
respectively. All ﬁlms show higher Cu than Se atomic presence,
which conﬁrms the presence of Cu2-xSe. The lower Cu/Se atom ratio
for the ECD indicates the possibility of having higher CuSe phase
than in the CBD or ECD/CBD.
The peaks at 2ө ¼ 27.52, and 28.14 and 32.00, attributed to
CuSe hexagonal crystal structure [13,26,28,36,41e44], are observed
clearly in the ECD ﬁlm. The peak at 2ө ¼ 27.52 is not clearly
observed in the CBD or ECD/CBD ﬁlms, which means that the two
ﬁlms do not involve CuSe as a major component. This is consistent
with EDX atom ratios discussed above.ferent methods, (a) ECD, (b) CBD and (c) ECD/CBD.
Fig. 5. AFM results for different copper selenide ﬁlms, (a) 2-dimensional micrographs, (b) 3-dimensional micrographs, and (c) surface topographical distribution.
Fig. 6. XRD patterns measured for different CuSe ﬁlm preparations: (a) ECD, (b) CBD
and (c) ECD/CBD.
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CuSe2 [41]. Different FTO reﬂections are also observed in the Figure.
The presence of CuO was not evidenced from the XRD patterns, butit should not be totally excluded [37]. The occurrence of CuSe and
Cu2-xSe phases, with band gap value ~2.2 eV reported for copper
selenide ﬁlms [26], can thus be justiﬁed by the XRD patterns. The
XRD patterns clearly show that the materials are polycrystalline.
Calculations based on the Scherrer equation show that the
average particle size varies for the ﬁlms as ECD (25 nm), CBD
(30 nm) and ECD/CBD (29 nm). The particle sizes for ECD and CBD
ﬁlms resemble those reported for other CuSe ﬁlms deposited by
different methods [40]. The nano-size particles exist inside larger
size agglomerates as explained by SEM and AFM micrographs
above. The XRD results conﬁrm the EA and PL spectral results dis-
cussed above, as the ECD ﬁlm involves only slightly smaller parti-
cles. No signiﬁcant effect on the value of the band gap is thus
expected.
Based on XRD patterns, EA spectra and PL spectra, no signiﬁ-
cant differences occur between ECD, CBD and ECD/CBD ﬁlms in
terms of particle sizes or band gap values. Apart from the higher
abundance of the CuSe phase in the ECD ﬁlm, the only noticeable
differences between the three ﬁlms are the surface uniformity,
inter-particle connectivity and depth proﬁle variations which are
in favor of the ECD ﬁlm. The oncoming discussions will show how
such variations may affect PEC performance of different ﬁlm
electrodes.
Fig. 8. Photo J-V plots measured for different CuSe ﬁlm preparations: (a) ECD/CBD, (b)
CBD and (c) ECD. All measurement were made at room temperature using [Fe(CN)6]4-/
Fe(CN)6]3- redox couple, vs. NHE.
Table 1
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3.5.1. Dark current experiments
Dark current density (J) vs. applied potential (V) plots were
measured for all three ECD, CBD and ECD/CBD ﬁlm electrodes in
aqueous media using the [Fe(CN)6]4-/Fe(CN)6]3- redox couple. The
redox couple system was chosen based on earlier studies made for
ECD-CuSe electrodes [16]. Negative dark current values were
observed for all electrodes at negative applied potentials, as shown
in Fig. 7. The dark J-V plots thus indicate negative values for the
onset potential in the dark. The electrode dark J-V plots are typical
for n-type semiconducting materials. This should be expected due
to the presence of Cu2Se (with Cuþ) phase in the ﬁlms. As per CuSe
phase itself, it is known have p-type nature [36]. Therefore, the n-
type behavior of the ﬁlms supports the XRD discussions showing
Cu2-xSe (with excess Cu) is a major phase. Similar behaviors have
been reported for naked and coated CuSe electrodes with some
leakage currents [16]. The Figure shows that the ECD/CBD-CuSe
electrode exhibited higher (more negative) onset potential than
other counterparts.PEC characteristics measured for different copper selenide ﬁlm electrodes.
Entry Description Voc (V) Jsc (mA/cm2) ɳ%a FF%b Ref.
A CBD/ECD
(2 h)
0.32 3.52 14.6 25.41 This work
B CBD
(2 h)
0.20 0.76 1.83 22.5 This work
C ECD
(15 min)
0.11 0.28 0.42 26.5 This work
D ECD
(15 min)
0.18 0.12 1.04 28 [16]
E CuSec Small Small 0.11 28 [45]
a ɳ (%) ¼ [(maximum observed power density)/(reach-in power density)]  100%.
b FF ¼ [(maximum observed power density)/Jsc Voc]  100%.
c All measurement were made at room temperature using [Fe(CN)6]4-/Fe(CN)6]3-
redox couple, vs. NHE.3.5.2. 2: photo current experiments
Photo J-V plots measured for different CuSe ﬁlm electrodes are
shown in Fig. 8. Both ECD and CBD electrodes showed poor short
circuit current density (JSC) and open circuit potential (VOC) values.
The ECD/CBD electrode showed higher PEC characteristics than
other counterparts.
The Figure shows that all ﬁlms exhibited n-type nature, as they
all showed negative VOC and positive JSC values. Earlier literature
shows that CuSe phase has high p-type conductivity with low band
gap values [13,26,28,36]. The p-type nature of the CuSe ﬁlms was
explained by Riha [37]. Another study showed that the CuSe elec-
trodes exhibited an n-type behavior as observed from Mott-
Schottky plots [45]. Such differences are attributed to the mixed
phases in the prepared ﬁlms, depending on the presence of Cu2þ
and/or Cuþ ions. The Cuþ ions (in the predominant Cu2-xSe phase)
should thus behave as electron donors in the ﬁlms, which in turn
should assume n-type behavior.
The PEC results of the Figure are summarized in Table 1 below.
The Table shows low photo-conversion efﬁciency (PCE, h%) values
for ECD electrode (0.42%) and CBD electrode (1.83%) whereas theFig. 7. Dark J-V plots for different CuSe ﬁlm preparations: (a) ECD, (b) CBD and (c) ECD/
CBD.
All measurement were made at room temperature using [Fe(CN)6]4-/Fe(CN)6]3- redox
couple, vs. NHE.ECD/CBD electrode exhibited higher PCE value (14.6%). The low
value for the ECD ﬁlm electrode resembled that observed earlier for
ECD-CuSe electrodes [16]. The high abundance of CuSe, besides
Cu2-xSe in the ECD ﬁlm could be a reason. The Table shows also that
all electrodes exhibited relatively low ﬁll factor (FF) as reported
earlier for CuSe electrodes [16,45]. Despite the enhanced PEC
characteristics (J-V characteristics and conversion efﬁciency value)
for the ECD/CBD electrode, the FF value is still relatively low. This is
known for metal chalcogenide ﬁlm electrodes. The presence of
mixed phases could be a reason for the low FF value in copper
selenide ﬁlm electrodes. Fortunately, the FF value observed here is
much higher than those reported earlier for different binary metal
chalcogenide ﬁlm electrodes [10,46]. In order to further improve FF
and consequently the conversion efﬁciency, further modiﬁcation of
the ECD/CBD ﬁlm electrode should be examined.
The PEC data shown in Table 1 clearly indicate that the ECD/CBD
electrode had much higher conversion efﬁciency than the ECD and
the CBD counterparts, studied here or earlier reported. Similar
observations were reported for ECD/CBD prepared CdSe [17] and
CdS [3] electrodes. In all cases, the ECD/CBD exhibited much higher
efﬁciency than the ECD and the CBD counterparts. Moreover, the
ECD/CBD electrode showed conversion efﬁciency more than 100
fold that other earlier described for CuSe electrodes [45].
Based on the present results, and earlier reports, the preparation
method may affect the PEC characteristics of metal chalcogenide
ﬁlm electrodes. The assumption mentioned in Section 1 above
works well for CdSe [17], CdS [3] and copper selenide in this work.
Successively combining the ECD and CBD preparations together
should yield ﬁlms with preferred properties. The ECD ﬁlm is
assumed to have high uniformity and good adherence with the
A. Zyoud et al. / Solid State Sciences 75 (2018) 53e62 59substrate FTO surface as documented earlier [17,18], which should
enhance photocurrent across the copper selenide-FTO interface, as
exhibited in Table 1 above. The CBD preparation on the other hand
yields thicker ﬁlms that are more suitable for PEC purposes [20,21].
With a suitable thickness, the semiconductor ﬁlm electrode can
function more effectively in light to electricity conversion. The CBD
ﬁlm thickness was higher than that for the ECD ﬁlm, whichmakes it
more efﬁcient in PEC processes, as documented for other CdS ﬁlm
electrodes [19,47]. Availability of higher CuSe phase in the ECD ﬁlm
could be another reason for lowering its efﬁciency compared to the
CBD ﬁlm. The fact that the ECD/CBD shows higher PEC performance
is attributed to the poor adherence of the latter ﬁlm with the
substrate surface, as reported earlier [22].
In this work, the ECD exhibits higher uniformity and inter-
particle connection than CBD, as discussed in Section 3.3 above,
which enhances majority carrier mobility. The CBD layer has more
suitable thickness which maximizes light absorptivity. The ECD/
CBD ﬁlm electrode thus combines advantages of both ECD and CBD
techniques, while avoiding the poor adherence of the copper
selenide ﬁlm to the substrate. To our knowledge, the efﬁciency
value observed from the ECD/CBD-CuSe electrode here (14.6%) has
not been preceded for pristine CuSe ﬁlm electrodes before. The
results thus show the added value of combining different prepa-
rationmethods together in order to prepare highly efﬁcient pristine
metal chalcogenide ﬁlm electrodes.
It should be noted that the PEC enhancement in ECD/CBD ﬁlm
efﬁciency is not due to the lower sheet resistivity compared to
other ECD or CBD counterparts, as described in Section 2.3. That is
because in ECD/CBD, the lowering involves the sheet resistivity it-
self not the cross sectional resistivity.
Further enhancement in the PEC characteristics of the ECD/CBD
electrode has been examined. Deposition time for the CBD layer
was varied, using 2, 4 and 6 h. Among the different deposition times
used, the 2 h time was clearly the best, as discussed above. The
maximum efﬁciency value for the CBD ﬁlm varied with layer
deposition time as: 2 h (1.83%) > 4 h (0.90%) > 6 h (0.40%). With
longer deposition times, the CBD ﬁlm becomes too thick with
higher cross sectional resistance. Increased thickness for CBD ﬁlms
prepared from N,N-dimethylselenourea has been documented
earlier [28]. Therefore, while using the combined ECD/CBD prepa-
ration method, care was taken to use the optimal preparation time
2 h for the CBD layer.
3.5.3. Effect of annealing
Effect of pre-annealing the ECD/CBD ﬁlm electrode on its PEC
efﬁciency was examined. The results show that annealing the
electrode at 250 C or higher lowered its conversion efﬁciency, as
shown in Table 2. Cooling rate also affected the ﬁlm conversion
efﬁciency. The Table shows efﬁciency lowering in the order: Non-
annealed >> quickly cooled > slowly cooled.
In semi-conductor technology, annealing improves electrode
PEC characteristics [16,25], while in some cases, annealing lowers
the electrode performance [17]. Copper selenide ﬁlm electrodes
prepared by ECD exhibited efﬁciency lowering, while those pre-
pared by CBD showed higher efﬁciency, by annealing at 250 C [18].
The effect of annealing on ECD/CBD conversion efﬁciency isTable 2
Effect of annealing (250 C) and cooling rate on PEC characteristics of ECD/CBD ﬁlm
electrodes.
Entry Description Voc (V) Jsc (mA/cm2) ɳ% FF%
A Non-annealed 0.32 3.52 14.6 25.41
B Fast cooling 0.24 1.60 4.51 23.04
C Slow cooling 0.07 0.82 0.76 26.02investigated below, in parallel with XRD and EDX results.
Fig. 9 shows the effect of annealing and cooling rate on XRD
patterns for ECD/CBD ﬁlms. In Fig. 9b the especially high and sharp
peak at ~ 29.10 is due to the (200) reﬂection associated with a
CuSe2 [10,41,42,44]. The peak is much lower in Fig. 9c, which im-
plies that the peaks in the range 50 - 55 refer to the FTO rather
than to CuSe2 in the non-annealed ﬁlm. In Fig. 9a CuSe2 peaks
appear in the quickly annealed ﬁlm, but to a lesser extent than in
Fig. 9b. The occurrence of the CuSe2 (200) peak in case of slowly
cooled ﬁlm is due to the extra allowed time (3 h) for the heated ﬁlm
to undergo phase transition. The presence of CuSe2 phase in the
annealed ﬁlms is one possible reason for lowering PEC
performance.
Fig. 9 also shows that the non-annealed ECD/CBD ﬁlm involves
Cu2-xSe phase (2ө ¼ 26.85) some CuSe phase (2ө ¼ 27.35). Both
ECD and CBD ﬁlms involve higher CuSe phase than the non-
annealed ﬁlm. This is possibly another reason for the lowering in
PEC performance for the annealed ﬁlms.
EDX spectra, Fig. (S1), further conﬁrm the XRD results. Table 3
summarizes elemental analysis for different ﬁlm electrodes. The
Table shows that the non-annealed ECD/CBD ﬁlm involves highest
atom ratio Cu/Se among the series. The Table also shows that the
quickly cooled ﬁlm has higher Cu/Se atom ratio than the slowly
cooled ﬁlm. In congruence with XRD ﬁndings, prolonged exposure
to heat in case of slowly cooled ﬁlm is expected to have higher
effect on the ﬁlm composition. Lowering in Cu2-xSe phase by
annealing, more obviously in the slow cooling, is one explanation
for the negative effect of annealing on PEC performance.
Annealing also affects ﬁlm crystallinity. Values of XRD relative
peak height (with respect to FTO peak at ~38) for different phases
are summarized in Table 4. The non-annealed ﬁlm has higher Cu2-
xSe/FTO peak ratio than the annealed ﬁlms. The CuSe phase is also
more available in the annealed ﬁlms. The peak height ratio for Cu2-
xS/CuSe in different ﬁlms varies as: non-annealed > slowly
cooled > quickly cooled. The lower amount of the Cu2-xSe in the
slowly cooled ﬁlm, compared to the quickly cooled one, is ratio-
nalized by the occurrence of CuSe2 phase in the latter, as discussed
above. This occurs at the expense of both CuSe and Cu2-xSe phases.
The XRD and EDX results indicate that annealing has negativeFig. 9. XRD patterns measured for ECD/CBD-CuSe ﬁlms: (a) annealed and quickly
cooled (b) annealed and slowly Cooled and (c) non-annealed.
Table 3
EDX results measured for ECD/CBD ﬁlms annealed at different temperatures.
Entry No. Film description Cu mass% Cu atom% Se mass% Se atom% Cu/Se atom ratio
A Quickly cooled 16.66 11.17 19.04 10.27 1.09
B Slowly cooled 22.23 17.52 33.09 20.99 0.83
C Non annealed 31.71 28.21 35.88 25.68 1.10
Table 4
Effect of annealing on value of XRD relative peak height for ECD/CBD ﬁlms.
Entry number Film description Cu2-xSe (26.85)/FTO (~ 38) peak height ratio Cu2-xSe (26.85)/CuSe (27.35) peak height ratio
A Annealed & quickly cooled 0.71 2.13
B Annealed and slowly cooled 0.59 1.15
C Non-annealed 0.87 2.86
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effects cause lowering in the PEC performance of the copper sele-
nide ﬁlm electrode, more obviously in case of slow cooling.
For better understanding of the effect of annealing and cooling
rate on CuSe ﬁlm electrode PEC efﬁciency, the ECD and CBD elec-
trodes were annealed at 250 C, as shown in Table 5.
For the CBD electrode, efﬁciency increases by annealing and
quick cooling (entries D & E). Slowly cooled CBD ﬁlm exhibited
efﬁciency lowering compared to non-annealed electrode (entries D
& E). The results are consistent with earlier reports, as CuSe ﬁlms
are known to undergo degradation at higher temperatures [28].
The question that comes then is: why does the quickly annealed
ECD/CBD ﬁlm exhibit efﬁciency lowering, while the quickly
annealed CBD ﬁlm shows enhanced PEC efﬁciency? For the ECD
ﬁlm electrode, annealing lowers the conversion efﬁciency in both
slow and quick cooling. The lowering in ECD/CBD electrode efﬁ-
ciency is thus attributed to the effect of annealing on the ECD layer.
As the ECD layer, with high uniformity and adherence to FTO
surface, becomes more disordered with higher phase mixing, by
annealing, the ECD/CBD ﬁlm electrode should then have lower PEC
performance. On the other hand, the as-prepared CBD ﬁlm is
assumed to have high disorder and poor adherence with the FTO
surface [22]. Annealing improves inter-particle connection and
adherence with the FTO surface in case of CBD electrode, which
enhances its PEC conversion efﬁciency. With slow cooling, exces-
sive exposure to heat has a negative impact on the ﬁlm electrode as
shown in Table 5. Similar behaviors have been reported for ECD-
and CBD-CdS electrodes [18].
A closer look at Table 5 shows that quickly cooled ECD/CBD
electrode gave higher conversion efﬁciency values than the slowly
cooled counterpart. This is understandable, as the quickly cooled
electrodes are exposed to high temperature for only shorter times
than the slowly cooled counterparts. With longer exposure to heat,
more disorder and more phase mixing occur in slowly cooled ﬁlms,
as described in Table 4. These results are rationalized by the ther-
mal instability of copper selenide ﬁlms as reported earlier [28,48].
Work is underway here to study effect of annealing the ECD/CBD
copper selenide electrode at temperatures below 250 C, asTable 5
Effect of annealing on conversion efﬁciency for ECD and CBD electrodes.
Entry Preparation Description Efﬁciency%
A ECD Non-annealed 0.4
B Quickly cooled <0.4
C Slowly cooled <0.4
D CBD Non-annealed 1.83
E Quickly cooled 2.94
F Slowly cooled 0.23described earlier for different materials [16,25]. Effect of coating
with electro-active composite materials, is also underway here, to
further enhance J-V characteristics, conversion efﬁciency, stability
and ﬁll factor [11,16,25].3.5.4. Electrode stability under PEC conditions
The stability of the ECD, CBD and ECD/CBD ﬁlm electrodes under
PEC conditions was examined under constant light intensity, while
using zero bias. Fig. 10 shows that the ECD/CBD electrode exhibit
higher JSC values, with time, than other counterparts. The JSC values
for both ECD- and CBD-CuSe electrodes do not reach a steady value
even after time passes, and continue to decrease with time, which
conﬁrms the low stability of the electrodes under PEC conditions.
This conﬁrms the assumptions shown above. The ECD/CBD elec-
trode exhibits a steady JSC value (after ~30 min) with continued
exposure to light with time, than other electrodes.
The JSC values for ECD/CBD-CuSe electrode in Fig. 10 are lower
than those measured for the same electrode in Fig. 8. This is
because the stability experiments were performed under lower
light intensity (less than 0.0004 W/cm2) than in J-V plot
experiments.
The stability plots in the Figure show unsteady JSC values at the
beginning. In case of ECD/CBD the values start high and then go
down until a steady value is attained after about 30 min. Similar
behaviors have been observed for other metal chalcogenide metal
electrodes [3,16,18]. The ECD and CBD ﬁlms exhibit low JSC values at
the beginning, which increase to a certain limit and then continue
to decrease. This is presumably due to the presence ofFig. 10. Film electrode stability, showing plots of JSC value vs. time for different CuSe
ﬁlm preparations: (a) ECD, (b) CBD and (c) ECD/CBD. All measurement were made at
room temperature using [Fe(CN)6]4-/Fe(CN)6]3- redox couple, vs. NHE.
A. Zyoud et al. / Solid State Sciences 75 (2018) 53e62 61contaminants at the surface of the electrode. As such contaminants
are removed with time, higher JSC occurs. Similar behaviors were
reported earlier for metal chalcogenides ﬁlm electrodes
[11,16,18,25]. The continued lowering in JSC for the ECD and CBD
ﬁlm electrodes is attributed to their lower stability to photo-
corrosion. The Figure indicates that the ECD/CBD electrode has
higher stability than the other counterparts with a steady value for
JSC with time. The ECD/CBD ﬁlm stability is attributed to its higher
JSC value, which means faster hole transfer at the solid liquid
interface. This prevents hole accumulation in the space charge re-
gion, which is responsible for ﬁlm electrode photo-degradation
(instability).
4. Conclusion
New copper selenide ﬁlm electrodes, prepared by electro-
chemical deposition followed by chemical bath deposition, showed
relatively high PEC conversion efﬁciency values (~14.6%) for te as-
prepared ﬁlm electrode. The new ﬁlms also showed relatively
high stability under PEC conditions. The enhanced PEC character-
istics of the new ﬁlms are attributed to their ability to combine the
advantages of both electrochemically deposited and chemical bath
deposited ﬁlm electrodes. The results show how PEC properties of
metal chalcogenide ﬁlm electrodes can be enhanced by simple
combined preparation techniques. Annealing at relatively high
temperatures affects the ﬁlm morphology and composition and
lowers its PEC characteristics.
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